The Wilms' tumor gene WT1 is overexpressed in leukemias and various types of solid tumors, and the WT1 protein was demonstrated to be an attractive target antigen for immunotherapy against these malignancies. Here, we report the outcome of a phase I clinical study of WT1 peptide-based immunotherapy for patients with breast or lung cancer, myelodysplastic syndrome, or acute myeloid leukemia. The WT1 gene was isolated as a gene responsible for Wilms' tumor, a pediatric renal cancer, and encodes a zinc finger transcription factor, which is involved in cell proliferation and differentiation, apoptosis, and organ development (3-6). Although the WT1 gene was first categorized as a tumor suppressor gene, we have proposed that the wild-type WT1 gene functions as an oncogene rather than a tumor-suppressor gene on the basis of the following findings. The first is high expression of the wild-type WT1 gene in both leukemias and solid tumors (7-18), the second is growth inhibition of leukemic and solid tumor cells by treatment with WT1 antisense oligomers (14, 19) , and the third is block of differentiation, but induction of proliferation, of wild-type WT1 gene-transfected myeloid progenitor cells in response to granulocyte colony-stimulating factor (20, 21). The last two are block of thymocyte differentiation but induction of thymocyte proliferation in the transgenic mice with the lck promoter-driven WT1 gene (22), and WT1 gene expression in the majority of dimethylbenzanthracene-induced erythroblastic leukemia and a stronger tendency of the cells with high levels of WT1 to develop into leukemias (23).
R ecent advances in the field of molecular biology and tumor immunology have resulted in the identification of a large number of tumor-associated antigens (TAAs) and their epitopes recognized by HLA class I-restricted cytotoxic T lymphocytes (CTLs) from various kinds of malignant neoplasms. One of the TAAs thus identified is Wilms' tumor gene WT1 product (1, 2) . These advances have led to the possibility of the development of a new peptide-based cancer immunotherapy.
The WT1 gene was isolated as a gene responsible for Wilms' tumor, a pediatric renal cancer, and encodes a zinc finger transcription factor, which is involved in cell proliferation and differentiation, apoptosis, and organ development (3) (4) (5) (6) . Although the WT1 gene was first categorized as a tumor suppressor gene, we have proposed that the wild-type WT1 gene functions as an oncogene rather than a tumor-suppressor gene on the basis of the following findings. The first is high expression of the wild-type WT1 gene in both leukemias and solid tumors (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) , the second is growth inhibition of leukemic and solid tumor cells by treatment with WT1 antisense oligomers (14, 19) , and the third is block of differentiation, but induction of proliferation, of wild-type WT1 gene-transfected myeloid progenitor cells in response to granulocyte colony-stimulating factor (20, 21) . The last two are block of thymocyte differentiation but induction of thymocyte proliferation in the transgenic mice with the lck promoter-driven WT1 gene (22) , and WT1 gene expression in the majority of dimethylbenzanthracene-induced erythroblastic leukemia and a stronger tendency of the cells with high levels of WT1 to develop into leukemias (23) .
Expression of the wild-type WT1 gene has been found in most cases of acute myelocytic leukemia (AML), acute lymphocytic leukemia, chronic myelocytic leukemia, and myelodysplastic syndrome (MDS) at higher levels than those in normal bone marrow (BM) or peripheral blood (7) (8) (9) (10) (11) (12) (13) . Furthermore, various types of solid tumors, including lung, breast, thyroid, and colorectal cancers, expressed the wild-type WT1 gene at higher levels compared to those in corresponding normal tissues (15) (16) (17) (18) . These results indicated that the wild-type WT1 gene product may be a promising target for cancer immunotherapy (24, 25) .
We tested the potential of the WT1 gene product to serve as a target antigen for tumor-specific immunotherapy. Human WT1-specific CTLs have been found to induce lysis of endogenously WT1-expressing tumor cells in vitro, but not to cause damage to physiologically WT1-expressing normal cells (24, (26) (27) (28) . We used a mouse in vivo system to demonstrate that immunization of mice with either MHC class I-restricted WT1 peptide or WT1 cDNA induced WT1-specific CTLs. We also showed that the immunized mice rejected challenges of WT1-expressing tumor cells, whereas the induced CTLs did not affect normal healthy tissues that physiologically expressed WT1 nor damaged the normal tissues (25, 29) . These results indicated that the WT1 protein could be a novel tumor rejection antigen for cancer immunotherapy (24) (25) (26) (27) (28) (29) (30) (31) (32) .
In view of these various findings, we performed a phase I clinical study of cancer immunotherapy targeting the WT1 protein in patients with leukemia, MDS, lung cancer, or breast cancer (33, 34) . The study presented here demonstrates that WT1 vaccination can induce WT1-specific CTLs and result in cancer regression without damage to normal tissues in the clinical setting. WT1 Peptides. A natural 9-mer WT1 peptide (amino acids 235-243 CMTWNQMNL) and the modified 9-mer WT1 peptide (amino acids 235-243 CYTWNQMNL), in which Y was substituted for M at amino acid position 2 (anchor position) of the natural WT1 peptide were used for immunization (26, 28, 33, 34) . The modified 9-mer WT1 peptide was shown to induce much stronger CTL activity than the natural peptide against WT1-expressing tumor cells (28, 33) . The WT1 peptides (GMP grade) were purchased from Multiple Peptide Systems (San Diego) as lyophilized peptides.
Methods
Vaccine Preparation and Vaccination. After written informed consent had been obtained, skin test-negative patients were intradermally injected with increasing doses of 0.3, 1.0, or 3.0 mg of HLA-A * 2402-restricted, natural, or modified 9-mer WT1 peptide emulsified with Montanide ISA51 adjuvant (33) (34) (35) . WT1 vaccination was scheduled to be performed three times at 2-week intervals (33, 34) . Four weeks after the third injection, the toxicity was evaluated without the administration of any other treatments. If some effect was observed after fewer than three injections, further WT1 vaccinations at 2-week intervals were administered only with patients' informed consent.
RT-PCR for Quantitation of WT1 Expression Levels. RNA from cancer tissues, BM cells, and peripheral blood mononuclear cells (PBMCs) was isolated and converted into cDNA. PCR with optimized cycles was performed with a DNA thermal cycler as described (13) . WT1 expression levels in the samples were shown relative to those in K562 leukemia cells, which was defined as 1.0, as described (7, 12, 13) .
Immunohistochemistry. The procedure was performed as described (15) (16) (17) 34) . Formalin-fixed tissue sections were cut from a paraffin block and stained with anti-WT1 rabbit polyclonal antibody C-19 (Santa Cruz Biotechnology). Immunoreactive WT1 protein was visualized with the Vectastain ABC kit (Vector Laboratories). The sections were then counterstained with hematoxylin. (33, 34) . This tetramer stained Ͼ90% of TAK-1 cells, which were WT1-specific CTLs that could recognize the complex of the natural 9-mer WT1 peptide and HLA-A * 2402 molecules (26, 33, 34) . PBMCs from HLA-A * 2402-positive patients were double-stained with PerCP-CD8 antibody (BD Pharmingen) and phycoerythrin-tetramer and analyzed by fluorescence-activated cell sorting. A double-positive fraction was considered to represent WT1-specific CD8 ϩ CTLs (33, 34, 36). Cytoplasmic IFN-␥ staining assay was performed as described (37) . PBMCs, stocked in aliquots before WT1 vaccination, were thawed, pulsed with natural 9-mer WT1 peptide, irradiated, and used as stimulator cells. Responder cells were PBMCs obtained before and after WT1 vaccination. 
Results
Patient Accrual. Twenty-six patients (2 breast and 10 lung cancers in advanced stages, 1 MDS with myelofibrosis, 1 AML from MDS, and 12 de novo AML in hematological complete remission) were accrued for this study (Table 1) . Severe leukocytopenia occurred in two patients, one with MDS with myelofibrosis (patient 13) and the other with MDS-derived AML (patient 14), as a result of the injection of a single dose of 0.3 mg of the modified WT1 peptide (33) . Thereafter, MDS patients, whose hematopoiesis was largely sustained by blood cells differentiated from WT1-expressing, transformed hematopoietic stem cells (33, 38, 39), were excluded from this study and only patients with de novo AML in hematological CR (blast cells in BM Յ 5%) and normal hematopoiesis were accrued for this study for hematopoietic malignancies.
When severe leukocytopenia occurred in the two MDS and MDS-derived AML patients, WT1 vaccination was terminated not only for the two MDS patients but also for two of the patients with lung cancer (patients 5 and 7), although they were in this study. Two patients with lung cancer (patients 8 and 9) and two patients with AML (patients 16 and 25) were dropped from this study because of their progressive disease. A final total of 18 patients (nos. 1-4, 6, 10-12, 15, 17-24, and 26) completed this study with three or more injections of WT1 peptides (Table 1) .
Toxicity and Adverse Effect. All 26 enrolled patients showed local inflammatory response with erythema at the WT1 vaccine injection sites (33, 34) . Leukocytopenia occurred in the two patients of MDS with myelofibrosis and MDS-derived AML (patients 13 and 14) as described (33) . Such patients have very few normal hematopoietic stem cells, and most of the peripheral blood cells with a normal appearance are derived from leukemic, transformed stem cells with a high level of WT1 expression (33, 38, 39) . Therefore, the killing of the WT1-expressing leukemic, transformed stem cells by the WT1-specific CTLs elicited by WT1 vaccination was expected to result in the eradication of the leukemic, transformed stem cells, followed by a resultant reduction in peripheral blood cells, including leukocytes. From this point of view, the leukocytopenia occurring in the MDS and MDS-derived AML patients can be considered evidence of efficacy rather than an adverse effect (33) . No leukocytopenia occurred in the remaining 24 patients with adequate and normal hematopoiesis. One patient with AML (patient 17) experienced subfever (37.6°C) that persisted only for several hours after the first WT1 vaccination, but that did not occur after the second and the third ones, indicating that WT1 vaccination was not necessarily the cause of subfever. Routine examinations such as renal and liver functional tests, BM aspiration, chest x-ray, and ECG revealed that WT1 vaccination did not damage normal organs, including kidney, pleura, and BM, that physiologically expressed WT1 (data not shown). Thus, the remaining 24 patients with normal hematopoiesis did not suffer any severe toxicity or other adverse effects.
Clinical Responses. Both patients with breast cancer (patients 1 and 2) showed regression of metastatic tumors (Fig. 1) . Because patient 1, who had undergone radical mastectomy for right breast cancer, followed by hormonal therapy, chemotherapy, and radiotherapy, had metastatic tumors in both lungs, the left supraclavicular lymph nodes, and the cerebellum, WT1 vaccination was performed. After the second WT1 vaccination, the size of lung and supraclavicular lymph node tumors began to decrease, accompanied by a decrease in serum chorio-embryonic antigen (CEA) levels (data not shown). After the fifth WT1 vaccination, computed tomography (CT) scan showed a striking regression of the metastatic tumors in S2 and S3 of the right lung and in S6 of the left lung (Fig. 1a) . Despite the reduction in the size of the metastatic tumors, serum CEA levels began to increase again after the third WT1 vaccination due to the progression of the metastatic tumor in the cerebellum. This case was considered to be ''mixed response'' with a marked clinical response to the metastatic tumors in lung but weak or no responses to that in the cerebellum. Patient 2 with breast cancer had undergone a partial bilateral mastectomy, followed by hormonal and chemotherapy. However, her disease was progressive, and ileus occurred due to the metastatic tumors in the colon, so that WT1 vaccination was initiated. The increase in NCC-ST-439, a tumor marker, was suppressed, after which the levels started to decease with the repeated WT1 vaccinations (data not shown). After the second WT1 vaccination, CT scan showed that thickening of walls of the colon tract was significantly improved (Fig. 1b) , accompanied by improvement of appetite and relief from meteorism. She was not able to eat any foods because of ileus caused by the metastatic In three patients with lung cancer (patients 3, 6, and 12), a decrease in tumor markers caused by WT1 vaccination was observed. In patient 3, whose lung cancer was completely resistant to chemotherapy and radiotherapy, chorio-embryonic antigen levels began to decrease from 2,048 ng͞ml immediately after the WT1 vaccination and reached 805 ng͞ml after the seventh WT1 vaccination. The tumor masses in the lung fields regressed after the second WT1 vaccination (34) . In patient 6, SLX, a tumor marker that had returned to normal range after the operation, began to rise again, indicating the regrowth of residual lung cancer. For this reason, WT1 vaccination was performed. SLX began to decrease after the first WT1 vaccination and returned to and stayed at normal levels after the second WT1 vaccination (34) . WT1 vaccination has been repeated for Ϸ2 years without significant adverse effect. In patient 12, the tumor markers, SCC and CYFRA, gradually decreased after the WT1 vaccination (Fig. 2) . These three patients (patients 3, 6, and 12) received repeated WT1 injections after the completion of the protocol's three initial ones because WT1 vaccination was considered to be effective.
In patient 13, who had MDS with myelofibrosis, WT1 expression levels reflecting the amount of leukemic cells (7, 12, 13) started to decrease in peripheral blood and leukocytopenia occurred after the first WT1 vaccination (33) . In patient 14, who had MDS-derived AML, leukocytes began to decrease from the day after the first WT1 vaccination (day 0) and reached minimal levels of 700 per l on day 3. Leukemic blast cells accounted for 50% in BM before WT1 vaccination, but they were reduced to 11% along with a decrease in WT1 expression levels after only one WT1 vaccination (33) .
In the five de novo AML patients with hematological complete remission (patients 20-24), a decrease in residual leukemic cells and͞or WT1 expression levels was observed. In patient 20, residual leukemic cells in BM were gradually reduced from 2.7 to 1.6 and further to 0% in association with a decrease in WT1 expression levels during the repeated WT1 vaccination (Fig. 3a) . The remaining four AML patients (patients 21-24) did not have microscopically detectable residual leukemic cells, but did have abnormal levels of WT1 expression that indicated persistent residual leukemic cells in BM (7, 12, 13) . Their WT1 expression levels decreased in response to the repeated WT1 vaccinations, indicating a reduction in residual leukemic cells (Fig. 3 b and c) . In patient 23, WT1 expression levels decreased to normal levels (Ͻ1 ϫ 10
Ϫ3
) after the three WT1 vaccinations (Fig. 3b) . In patient 21, WT1 expression levels returned to normal after three injections of WT1 vaccine but increased again to abnormal levels that were higher than those at prevaccination, because of delay in the fourth WT1 vaccination (Fig. 3c) . After the fifth WT1 vaccination, however, WT1 expression levels returned to normal again. These findings strongly indicated that WT1 vaccination resulted in a reduction in WT1 expression levels, i.e., eradication of residual leukemic cells. In contrast to the MDS patients, none of the five de novo AML patients showed evidence of leukocytopenia, and normal hematopoiesis was maintained regardless of the repeated WT1 vaccinations.
Altogether, the efficiency of WT1 vaccination could be assessed for 20 of the 26 patients who received one or more WT1 vaccinations. Of those 20 patients, 12 (60%) showed clinical responses. The metastastic tumor masses of both patients with breast cancer (patients 1 and 2) were reduced, tumor markers decreased in three (patients 3, 6, and 12) of the eight patients with lung cancer, and leukemic blast cells and͞or WT1 expression levels decreased in seven (patients 13, 14, 20, 21, 22, 23 , and 24) of the 10 patients with MDS, MDS-derived AML, or de novo AML. Of the remaining eight patients, two (patients 4 and 26) had stable disease and six (patients 8, 9, 10, 11, 16, and 25) showed progressive disease.
Immunological Responses. Immunological responses to WT1 vaccine were evaluated with HLA tetramer and cytoplasmic IFN-␥ assays with the PBMCs. The assays were performed at prevaccination and at one or several postvaccination time points (33, 34) . Immunological responses were defined to be positive when the frequencies of WT1-specific CTLs determined by tetramer assay increased by Ͼ1.5 times at least at one time point after the WT1 vaccination compared to those of WT1-specific CTLs before the WT1 vaccination. The immunological responses were positive in 1 of the 2 patients with breast cancer, 3 of the 8 patients with lung cancer, and 9 of the 13 patients with leukemia (Table 2) . Possible correlations between clinical and immunological responses were examined for 19 patients with both clinical and immunological responses available for assessment (among the 20 patients whose clinical responses could be assessed, the immunological responses of patient 13 could not be assessed because not enough PBMC samples could be obtained for immunological analysis because of the patient's pancytopenia). A clear correlation (P ϭ 0.0397) between clinical and immunological responses was observed in the evaluable 19 patients (10 with solid tumors and 9 with leukemia) ( Table 3 ).
An increase in the frequencies of WT1 peptide-specific cytoplasmic IFN-␥-positive cells after WT1 vaccination was observed in neither of the patients with breast cancer, 2 of the 8 patients with lung cancer, and 6 of the 11 patients with AML (data not shown). No significant correlation was observed between increases in the frequencies of WT1 peptide-specific cytoplasmic IFN-␥-positive cells and either clinical responses or the increase in the frequencies of tetramer-positive CD8 ϩ T cells.
Discussion
The main purpose of this phase I clinical study was to evaluate the toxicity of the WT1 vaccination. No hematopoietic damage such as leukocytopenia occurred in patients with de novo AML or patients with solid tumor with intact hematopoiesis. In the former, malignant cells were derived from leukemic transformation of myeloid progenitor cells but sufficient normal hematopoietic stem cells had been retained. In contrast, severe leukocytopenia occurred in the two patients with MDS after a single dose of 0.3 mg of the modified WT1 peptide (33) . It is well known that MDS is a stem cell disease and results from leukemic transformation of hematopoietic stem cells, which means that the majority of peripheral blood cells with a normal appearance are derived from the leukemic, transformed hematopoietic stem cells (38, 39) . It is, therefore, reasonable to assume that leukocytopenia was caused by the killing of the WT1-expressing leukemic, transformed hematopoietic stem cells, from which the majority of peripheral blood cells in MDS were derived, by the WT1-specific CTLs induced by the WT1 vaccination (33, 38, 39) . Therefore, the leukocytopenia that occurred in these two MDS patients can be considered evidence of efficacy rather than an adverse effect (33) . The adverse effect of the WT1 vaccination in cases where normal hematopoiesis is maintained can thus be limited to local erythema at the injection sites of the WT1 vaccine. Taken together, these findings lead us to conclude that the WT1 vaccination is both tolerable and safe for leukemia and solid tumor patients who retain normal hematopoiesis.
The WT1 gene is physiologically expressed in some organs such as kidney, BM, and pleura. Experimental evidence demonstrating that WT1-specific CTLs kill WT1-expressing tumor cells, but not normal cells is accumulating (25) (26) (27) 29) . WT1-specific CTLs have been shown to specifically kill bcr͞abl-positive leukemic, transformed stem cells, but not to damage normal hematopoietic stem cells (27) . In mice immunized with MHC class I-restricted 9-mer WT1 peptides or WT1 cDNA, the WT1-specific CTLs induced killing of WT1-expressing tumor cells, but never damaged normal tissues (25, 29) . There are at least four possible mechanisms by which WT1-specific CTLs can ignore physiologically WT1-expressing normal cells. First, WT1 expression levels in normal cells are lower than those in tumor cells. However, this possibility is unlikely because WT1 expression levels in CD34 ϩ normal hematopoietic progenitor cells are similar to those in leukemic cells at the single-cell level (40) . Second, expression of MHC class I molecules may be lower in normal cells than in tumor cells. Third, in WT1-expressing normal cells, WT1 peptides may not be presented on MHC class I molecules, or the presentation of WT1 peptides onto the molecules may be weak. The poor presentation of WT1 peptides could be ascribed to differences between normal and transformed cells in the processing of WT1 proteins in proteosomes or in the transport of the processed WT1 peptides onto cell surface. Fourth, compared to WT1-expressing tumor cells, WT1-expressing normal cells do not, or weakly, express cell surface costimulatory molecules needed for recognition and͞or killing by WT1-specific CTLs.
Clinical responses observed in our study were satisfactory for a phase I clinical study. The frequencies of WT1-specific CTLs in one (patient 14) of the two MDS patients were as high as 0.62% before WT1 vaccination and then increased to 6.61% after a single WT1 vaccination concurrent with the clinical responses. This drastic WT1-specific CTL responses after only one WT1 vaccination may be caused by high immunogenicity of the WT1 protein, as demonstrated by a previous investigation of ours. We found that Ϸ78% of the patients with hematopoietic malignancies such as AML, chronic myelocytic leukemia, and MDS showed in vivo response to the WT1 protein derived from their leukemic blast cells and produced the WT1 antibody (31) . The WT1-specific CTL frequencies before WT1 vaccination were significantly higher in patients with hematopoetic malignancies (mean: 0.37% vs. 0.098%; P ϭ 0.0019) or solid tumors (mean: 0.40% vs. 0.098%; P ϭ 0.0065) than in healthy volunteers Bold numbers indicate the WT1-specific CTL frequencies that significantly (Ն 1.5-fold) increased after WT1 vaccination. ND, not determined. UE, unevaluable due to lack of the measurement of WT1-specific CTL frequencies after WT1 vaccination. *The highest ones among WT1-specific CTL frequencies determined after WT1 vaccination are shown. (41) (42) (43) . Because the clinical response rate in our clinical study was comparable to or better than those in the above clinical studies, and WT1 vaccination could be expected to be effective for both patients with solid tumors in advanced stages and those with hematopoetic malignancies, WT1 is one of the most promising and universal target antigens for cancer immunotherapy.
A significant correlation between immunological and clinical responses was observed in a cohort of all the patients examined. The correlation between the increase in WT1-specific CTL frequencies and clinical responses provided us with evidence indicating that WT1-specific CTLs induced by WT1 vaccination played an important role in the clinical responses. Therefore, clinical responses to WT1 vaccination should be predictable from the degree of increase in WT1-specific CTL frequencies after one to three WT1 vaccinations. No correlation was found between clinical and immunological responses evaluated by the frequency assay of WT1-specific IFN-␥-producing CTLs. WT1-specific IFN-␥-producing CTLs, which can be expected to be functionally active, are likely to reach tumor sites and be scarce in peripheral blood.
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